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Selection Committee 
New York Stem Cell Foundation  
Early Career Investigators in Neuroscience Innovator Awards 
 
Dear Committee Members, 
 
I am writing this letter to express my strongest support for the application of Janghoo Lim for 
an Early Career Investigators in Neuroscience Innovator Award from the New York Stem Cell 
Foundation.  
 
Janghoo is a new faculty member in the Program in Cellular Neuroscience, 
Neurodegeneration and Repair (CNNR) with a primary appointment in the Department of 
Genetics (Dr. Richard Lifton, Director). The mission of the CNNR Program is to advance 
knowledge of the cellular and molecular bases of neuronal function and to foster research 
toward a therapy of neurodegenerative disorders.  Dr. Lim’s research program is at the core 
of this field.  
 
Dr. Lim is a native of Korea, where he received a master’s degree from the Korea Advanced 
Institute of Science and Technology (KAIST).  He next moved to Houston (TX), where he 
received his PhD with a thesis in developmental biology carried out in the Drosophila Genetic 
lab of Kwang-Wook Choi at Baylor.  Subsequently, he joined Huda Zoghbi’s group, also at 
Baylor, as a postdoctoral fellow.  In the Zoghbi lab Janghoo investigated pathogenic 
mechanisms in inherited cerebellar ataxias, spinocerebellar ataxia type 1 (SCA1) in 
particular, a polyglutamine disease resulting from CAG triplet repeats in the gene encoding 
Ataxin1.   Janghoo’s record is stellar.  He has been highly productive at all stages of his 
career and the work that he has completed out as a postdoctoral fellow excels in its creativity 
and importance.  To gain insight into the pathogenic mechanisms underlying genetic ataxias, 
he developed an ataxia protein interaction network and found physical links between several 
proteins whose mutations cause these conditions.  He also demonstrated that SCA1 is 
caused not solely by a toxic gain-of-function but also partially by a loss-of-function 
mechanism. 
 
Building on his studies of SCA1 and ataxin 1, Janghoo became interested in Nemo-like 
kinase (NLK), which he identified as a protein that differentially interacts with wild-type and 
polyglutamine-expanded Ataxin 1.  His work implicates NLK in SCA1 pathogenesis.  He is 
exploring both the physiological role of this enzyme and its contribution to SCA1 with cell 
biological studies and with genetic studies in mice.  He has already generated very solid 
preliminary data (now submitted for publication), showing that reduced NLK expression limits 
the severity of disease in a mouse model of SCA1.   
 
These initial studies of NLK yielded an observation that forms the basis of Janghoo’s 
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Leading  causes  of  death  in  the  United  States
1958-­2010

n It   is  estimated  that  up  to  14  million  Americans  (>100  million  worldwide)  will  suffer  from  
Alzheimer’s  disease  by  2050.
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-­ Alzheimer’s  disease
-­ Parkinson’s  disease
-­ Tauopathies
-­ Frontotemporal  lobe  degeneration   /  dementia  
-­ Amyotrophic  lateral  sclerosis
-­ Polyglutamine disease
-­ ataxia
-­ Retinal  degenerative  disease
-­ Multiple  sclerosis
-­ etc.

Examples  of  neurodegenerative  diseases



Age-­related  neurodegenerative  diseases
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Alzheimer’s  
Plaques  &  
Tangles

Parkinson’s  
Lewy  Bodies

Prion  
Amyloid  Plaques

Amyotropic  Lateral  
Sclerosis  
Aggregates

Huntington’s  
Intranuclear  
Inclusions

Neurodegenerative  diseases  share  some  disease  
features:  e.g.  protein  misfolding/aggregation



Image  courtesy  by  Dr.  Grutzendler

Neurons  interact  with  neighboring  glial  cells



Types  and  Functions  of  Glia  in  the  CNS  (or  PNS)

n Oligodendrocyte  (or  Schwann  cell)
-­ provides  the  insulation  (myelin)  to  neurons.

n Astrocyte
-­ Star-­shaped  cells  that  provide  physical  and  nutritional  support  for  
neurons:  

-­ regulate  content  of  extracellular  space
-­ hold  neurons  in  place  
-­ transport  nutrients  to  neurons  
-­ clean  up  brain  "debris”
-­ digest  parts  of  dead  neurons  

n Microglia
-­ The  resident  macrophages  of  the  brain  and  spinal  cord,  thus  act  as  
the  first  and  main  form  of  active  immune  defense.  
-­ digest  parts  of  dead  neurons,  like  astrocyte.



Alzheimer’s  Plaques  &  
Tangles

Plaque    Astrocyte  (GFAP)

§ Deposition  of  amyloid-­b peptide  drives  
cerebral  neuroinflammation.

Plaque    Microglia  (Iba-­1)

Glial  cell  proliferation/activation   surrounding  amyloid  plagues
:  Neuroinflammation in  the  pathology  of  Alzheimer’s  disease



Glial  cell  activation  in  the  cerebellum  of  
spinocerebellar  ataxia  type  1  (SCA1)

**P<0.001,   t-­test,  n=4

GFAP;;  astrocyte  marker

IBA-­1;;  microglia  marker



Ilieva  et  al.,  J.  Cell  Biol.  2009

Non-­cell  autonomous  pathogenesis   in  neurodegenerative   diseases



n Alzheimer’s  disease

n Nucleotide  expansion   (neurodegenerative)   disorders  and  
their  key  pathogenic  mechanisms

n Relatively  new  disease  pathogenesis
-­ spreading  of  mutant  disease-­causing  aggregates

Lecture  Overview
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Alzheimer’s  Disease  (AD)
Clinical  Overview

n The  most  common  form  of  dementia  and  neurodegenerative  disease  
that  causes  problems  with  memory,  thinking  and  behavior.

n About  5  million  people  in  the  US  currently  have  the  disease  and  
number  is  expected  to  increase  up  to  ~14  million  by  2050.

n Symptoms  usually  develop  slowly  and  get  worse  over  time,  
becoming  severe  enough  to  interfere  with  daily  tasks.
-­ progressive  and  irreversible

n No  current  cure  for  AD.

n Characterized  pathologically  by  the  accumulation  /  deposition  of  
amyloid  b (Ab)  and neurofibrillary  tangles.



Normal Alzheimer’s

Senile  plaques  (Ab) Neurofibrillary   tangles  (tau)



Normal Alzheimer’s

Senile  plaques  (Ab) Neurofibrillary   tangles  (tau)



Alzheimer’s  Disease  (AD)  
Human  Genetics

n “Early-­onset” Alzheimer’s  is  a  rare  form  of  the  disease.
-­ occurs  in  people  age  30  to  60.
-­ represents  less  than  5%  of  all  people  who  have  AD.
-­ Most  cases  of  early-­onset  AD  are  familial  AD,  caused  by  changes  in  one  of  
three  known  genes:

-­ amyloid  precursor  protein  (APP)  in  chromosome  21
-­ presenilin 1 (PS1)  in  chromosome  14
-­ presenilin 2 (PS2)  in  chromosome  11

n Most  people  with  AD  have  “late-­onset” Alzheimer’s.
-­ usually  develops  after  age  60.
-­ Several  genes,  including  apolipoprotein  E (APOE;;  especially  APOE  e4  
allele)  and  TREM2,  may  increase  a  person’s  risk  for  late-­onset  AD.
-­ environmental  factors???
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Proteolytic  processing  of  APP

Lütjohann et  al.,  Clin Lipidology,  2012

/BACE1

Ab40 or Ab42

/  PS1  or  PS2

Amyloid  plaques,  
Cell  death,
Synaptic  dysfunction,
Other  features  of  AD



Ab40 vs. Ab42

n The  g secretase  can  generate  a  number  of  isoforms  of  36-­43  amino  acid  
residues  in  length.  

n The  most  common  isoforms  are  Aβ40 and  Aβ42.

-­ The  Aβ40 form  is  the  more  common  of  the  two.  

-­ Aβ42 is  the  more  fibrillogenic  and  is  thus  associated  with  disease  states.

-­ Mutations  in  APP  associated  with  early-­onset  Alzheimer's  have  been  noted  
to  increase  the  relative  production  of  Aβ42.

-­ Aβ  is  destroyed  by  several  amyloid-­degrading  enzymes,  including  neprilysin.



Familial  Alzheimer’s  disease  (FAD)  mutations

-­ Sw (Swedish  mutation,  M671L),  Fl (Florida  mutation,  I716V),  Lon  (London  mutation,  
V717IL),  etc.

-­ More  than  50  different  mutations  known  in  APP,  causing  FAD.  

§ APP

§ PS1

§ PS2

M239V

-­ Mutations  in  PS1  or  PS2  cause  substantial  changes  in  the  Ab42/Ab40  ratio.



Two  pathological  hallmarks  of  AD
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Extracellular



Two  pathological  hallmarks  of  AD

Extracellular Intracellular

Amyloid  hypothesis  of  AD



Amyloid  cascade  hypothesis

Changes  in  Ab metabolism

Oligomerization  of Ab42 and  diffuse  plaque  deposits  

Subtle  effects  of  soluble  oligomers  on  synapse  function

Abnormal  distribution  of  tau  and  aberrant  tau  phosphorylation

Oligomerization  of tau

Propagation  and  neuronal  dysfunction  leading  to  cell  death

Dementia  with  plaque  and  tangle  pathology



Putative  Ab oligomer  receptors,  signaling  pathways,  and  
therapeutic  targets

Overk and  Masliah,  PNAS,  2014



A  model  for  Abo-­PrP-­mGluR causing  AD-­related  
phenotypes  

Nygaard et  al.,AlzheimersRes  Ther,  2011

N-methyl-D-aspartate receptors, and Aβ toxicity is rescued
[61]. As expected, postsynaptic Fyn levels were reduced in
mice with either absent Tau expression or the expression of
a truncated Tau transgene, and were increased in mice
overexpressing full-length Tau [61]. In both cases, total Fyn
levels and activity were normal compared with wild-type
littermates [61]. Two studies have reported a genetic
association between single nucleotide polymorphisms at
the FYN locus and cerebrospinal fluid Tau levels in AD,
although this was not observed in all cohorts [62,63].
PrPC-Fyn signaling thus appears to couple Aβ and Tau
pathologies, and Fyn can be considered a lynchpin of AD
pathophysiology (Table 2).

In vivo studies of the cellular prion protein–mGluR5–Fyn
pathway in Alzheimer’s disease mouse models
Several groups, including ours, have studied the PrPC–
mGluR5–Fyn pathway in mouse models overexpressing
an APP transgene known to cause autosomal dominant
AD. Genetic removal or pharmacologic blockade of PrPC

reverses memory impairments and synapse loss in
transgenic AD mice [43,44], although these findings
have not been successfully replicated in all models [39].

PrPC does not span the plasma membrane, and thus needs
a transmembrane partner to initiate intracellular signaling.
This partner is mGluR5, and its blockage with the antag-
onist MTEP reverses both spatial memory impairments
and hippocampal synapse loss in AD mice [3]. Fyn is the
third step in the PrPC–mGluR5–Fyn pathway, and several
preclinical studies in AD mice have been reported.
Overexpressing Fyn was found to accelerate synapse

loss and the onset of cognitive impairment in the J9

Figure 1 mGluR5 couples amyloid-beta oligomer–cellular prion protein to post-synaptic signaling. Schematic illustrating a central role of
Fyn in amyloid-beta oligomer (Aβo) signaling. Binding of Aβo to cellular prion protein (PrPC) triggers mGluR5-dependent signaling events.
Proteins are clustered in the post-synaptic density (PSD) and alter N-methyl-D-aspartate receptor (NMDA-R) function, calcium and protein
translation. Tau plays a role in localizing Fyn and is a Fyn substrate. The net result of aberrant PrPC–mGluR5–Fyn signaling is synaptic malfunction
and loss. Aβ, amyloid-beta; APP, amyloid precursor protein; PrP, prion protein.

Table 2 Evidence implicating Fyn in amyloid-beta
oligomer action of Alzheimer’s disease
Observation Detail References

Increased Fyn in AD Co-localized with Tau [29]

Amyloid-beta activates Fyn Oligomer specific
and PrP mediated

[1-4]

Fyn impairs synapse N-methyl-D-aspartate receptor
and dendritic spine loss

[2-4]

Fyn interacts with Tau Localizes and
phosphorylates Tau

[61-63]

Fyn alters AD transgenics Fyn loss protects and
Fyn gain accelerates

[61,64,65]

AD, Alzheimer’s disease; PrP, prion protein.

Nygaard et al. Alzheimer's Research & Therapy Page 4 of 82014, 6:8
http://alzres.com/content/6/1/8
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A  beneficial  mutation  in  APP  against  AD

n 1,795  Icelanders  who  had  lived  to  at  least  age  85  
without  a  diagnosis  of  Alzheimer’s  disease.
>>>  Whole  genome  sequence.

n A  coding  mutation  (A673T)  in  the  APP  gene.
-­ significantly  more  common  in  the  elderly  control  
group  than  in  the  Alzheimer’s  disease  group  
(0.62%  versus  0.13%;;  odds  ratio  (OR)  =  5.29;;  P  
value  =  4.78  ×  10−7).

n A673T  substitutions  reduces  BACE1  cleavage  of  
APP  relative  to  wild-­type  APP.  
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Table 1
Summary of selected mouse models used in Alzheimer’s disease research

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references

PDAPP APP695, 751, 770 
(APPInd)

PDGF- C57Bl/6 J, DBA/2,  
Swiss-Webster

6–9 months No No Yes (20)

Tg2576 APP695 (APPSwe) Hamster PrP C57Bl/6SJL, C57Bl/6 9 months No No Yes (21)

APP23 APP751 (APPSwe) Mouse Thy-1 C57Bl/6, DBA/2 6 months  
(severe CAA  
also present)

No 14 months Yes (26)

J20b APP695, 751, 770 
(APPSwe, Ind)

PDGF- C57Bl/6 6 months No No Yes (23)

TgCRND8 APP695  
(APPSwe, Ind)

Hamster PrP C3H, C57Bl/6 3 months No No Yes (28)

mThy1-
hAPP751

APP695  
(APPSwe, Lon)

Mouse Thy-1 C57Bl/6, DBA/2 3– 4 months No No Yes (29)

APPDutch APP751  
(APPDutch)

Mouse Thy-1 C57Bl/6 J 22 months  
(CAA only)

No Not  
reported

Not  
reported

(30)

ARC6,  
ARC48

APP695, 751, 770 
(APPSwe, Ind, Arc)

PDGF- C57Bl/6 3 months (6) No (6) No (6) No (6) (31)
2 months (48) No (48) No (48) Yes (48)

PSAPP Tg2576 X
PSEN1-M146L

Hamster PrP
PDGF-

C57Bl/6SJL, C57Bl/6
B6D2F1, Swiss-Webster

6 months No No Yes (35)

5XFAD APP695 (Swe,  
Lon, Flo)

Mouse Thy-1 C57Bl/6SJL 2 months No 9 months Yes (37)

PSEN1-M146L,  
L286V

Mouse Thy-1

(continued)
Chin  J,  Methods  Mol.  Bio.,  2011

(Continued)
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Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references

PDAPP APP695, 751, 770 
(APPInd)

PDGF- C57Bl/6 J, DBA/2,  
Swiss-Webster

6–9 months No No Yes (20)

Tg2576 APP695 (APPSwe) Hamster PrP C57Bl/6SJL, C57Bl/6 9 months No No Yes (21)

APP23 APP751 (APPSwe) Mouse Thy-1 C57Bl/6, DBA/2 6 months  
(severe CAA  
also present)

No 14 months Yes (26)

J20b APP695, 751, 770 
(APPSwe, Ind)

PDGF- C57Bl/6 6 months No No Yes (23)

TgCRND8 APP695  
(APPSwe, Ind)

Hamster PrP C3H, C57Bl/6 3 months No No Yes (28)

mThy1-
hAPP751

APP695  
(APPSwe, Lon)

Mouse Thy-1 C57Bl/6, DBA/2 3– 4 months No No Yes (29)

APPDutch APP751  
(APPDutch)

Mouse Thy-1 C57Bl/6 J 22 months  
(CAA only)

No Not  
reported

Not  
reported

(30)

ARC6,  
ARC48

APP695, 751, 770 
(APPSwe, Ind, Arc)

PDGF- C57Bl/6 3 months (6) No (6) No (6) No (6) (31)
2 months (48) No (48) No (48) Yes (48)

PSAPP Tg2576 X
PSEN1-M146L

Hamster PrP
PDGF-

C57Bl/6SJL, C57Bl/6
B6D2F1, Swiss-Webster

6 months No No Yes (35)

5XFAD APP695 (Swe,  
Lon, Flo)

Mouse Thy-1 C57Bl/6SJL 2 months No 9 months Yes (37)

PSEN1-M146L,  
L286V

Mouse Thy-1
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PDGF- C57Bl/6 3 months (6) No (6) No (6) No (6) (31)
2 months (48) No (48) No (48) Yes (48)
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PDGF-
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6 months No No Yes (35)
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references

JNPL3 4R0N MAPT  
(Tau-P301L)

Mouse PrP C57Bl/6 J, DBA/2, 
Swiss-Webster

No 9 months 6.5 months No (45)

rTg4510 4R0N MAPT  
(Tau-P301L)

Mouse PrP 129 S6, FVB/N No 4 months 
(pre- 
tangles  
at 2.5 
months)

5.5 months Yes (46)

Htauc Human PAC, H1 
haplotype

Human tau Swiss-Webster, 129, SVJ, 
C57Bl/6

No 15 months 
(pre- 
tangles  
at 9 
months)

>15 months Not  
reported

(47)

TAPP Tg2576 X Hamster PrP C57Bl/6SJL, C57Bl/6, 
DBA/2, Swiss-Webster

9 months 9 months 6.5 months Yes (49)
JNPL3 Mouse PrP

3XTGd APP695 (Swe) Mouse Thy-1.2 129/C57Bl/6 6 months 12 months No Yes (50)
4R0N MsAPT  

(P301L)
Mouse Thy-1.2

PSEN1-M146V 
(Knock-in)

aAPP mutations: Ind (Indiana, V717F), Swe (Swedish, K670N/M671L), Lon (London, V717I), Dutch (E693Q), Arc (Arctic, E693G), Flo (Florida, I716V)
bJ20 mice were originally created on a C57BL/6, DBA/2 background
cP1 artificial chromosome (PAC) contains entire tau gene plus upstream regulatory elements. Htau mice express human tau on a mouse tau knockout background
dAPPSwe and Tau-P301L transgenes are expressed on a mouse PSEN1-M146V knock-in (KI) background
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references

JNPL3 4R0N MAPT  
(Tau-P301L)

Mouse PrP C57Bl/6 J, DBA/2, 
Swiss-Webster

No 9 months 6.5 months No (45)

rTg4510 4R0N MAPT  
(Tau-P301L)

Mouse PrP 129 S6, FVB/N No 4 months 
(pre- 
tangles  
at 2.5 
months)

5.5 months Yes (46)

Htauc Human PAC, H1 
haplotype

Human tau Swiss-Webster, 129, SVJ, 
C57Bl/6

No 15 months 
(pre- 
tangles  
at 9 
months)

>15 months Not  
reported

(47)

TAPP Tg2576 X Hamster PrP C57Bl/6SJL, C57Bl/6, 
DBA/2, Swiss-Webster

9 months 9 months 6.5 months Yes (49)
JNPL3 Mouse PrP

3XTGd APP695 (Swe) Mouse Thy-1.2 129/C57Bl/6 6 months 12 months No Yes (50)
4R0N MsAPT  

(P301L)
Mouse Thy-1.2

PSEN1-M146V 
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bJ20 mice were originally created on a C57BL/6, DBA/2 background
cP1 artificial chromosome (PAC) contains entire tau gene plus upstream regulatory elements. Htau mice express human tau on a mouse tau knockout background
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references
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5.5 months Yes (46)
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haplotype
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references

JNPL3 4R0N MAPT  
(Tau-P301L)

Mouse PrP C57Bl/6 J, DBA/2, 
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references
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Mouse PrP C57Bl/6 J, DBA/2, 
Swiss-Webster

No 9 months 6.5 months No (45)
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Mouse PrP 129 S6, FVB/N No 4 months 
(pre- 
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5.5 months Yes (46)
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haplotype
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(pre- 
tangles  
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bJ20 mice were originally created on a C57BL/6, DBA/2 background
cP1 artificial chromosome (PAC) contains entire tau gene plus upstream regulatory elements. Htau mice express human tau on a mouse tau knockout background
dAPPSwe and Tau-P301L transgenes are expressed on a mouse PSEN1-M146V knock-in (KI) background§ There  is  no  single  mouse  model  that  perfectly  recapitulates  the  pathology  

seen  in  patients  with  Alzheimer’s  disease.
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references
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Table 1 
(continued)

Transgenic 
mouse

Transgene  
(mutation)a Promoter Strains Amyloid plaques NFTs Neuron loss

Cognitive 
deficits

Primary 
references
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Mouse PrP 129 S6, FVB/N No 4 months 
(pre- 
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at 2.5 
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5.5 months Yes (46)
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-­ Is  it  any  good  for  Alzheimer’s  disease  research?



Increased  amyloid-­b production  in  neurons  derived  
from  AD-­patient-­derived  iPSCs

Israel  et  al.,  Nature,  2012



Increased  phospho-­tau  and  active  GSK-­3b in  
neurons  derived  from  AD-­patient-­derived  iPSCs

Israel  et  al.,  Nature,  2012



Increased  phospho-­tau  and  active  GSK-­3b in  
neurons  derived  from  AD-­patient-­derived  iPSCs

Israel  et  al.,  Nature,  2012

…………  seems  to  be  promising.

However,  it  can  not  demonstrate  Amyloid-­b plaques  and  
Neurofibrillary   tangles in  this  2-­dimensional  monolayer  
cell  culture  system.



LETTER
doi:10.1038/nature13800

A three-dimensional human neural cell culture
model of Alzheimer’s disease
SeHoon Choi1*, YoungHye Kim1,2*, Matthias Hebisch1,3, Christopher Sliwinski1, Seungkyu Lee4, Carla D’Avanzo1, Hechao Chen1,
Basavaraj Hooli1, Caroline Asselin1, JulienMuffat5, Justin B. Klee1, Can Zhang1, Brian J.Wainger4, Michael Peitz3, DoraM. Kovacs1,
Clifford J. Woolf4, Steven L. Wagner6, Rudolph E. Tanzi1 & Doo Yeon Kim1

Alzheimer’s disease is themost common form of dementia, charac-
terized by two pathological hallmarks: amyloid-b plaques and neu-
rofibrillary tangles1. The amyloid hypothesis of Alzheimer’s disease
posits that the excessive accumulation of amyloid-b peptide leads to
neurofibrillary tangles composedof aggregatedhyperphosphorylated
tau2,3. However, to date, no single disease model has serially linked
these two pathological events using human neuronal cells. Mouse
models with familial Alzheimer’s disease (FAD) mutations exhibit
amyloid-b-induced synaptic andmemorydeficits but theydonot fully
recapitulate other key pathological events ofAlzheimer’s disease, in-
cludingdistinct neurofibrillary tangle pathology4,5.Humanneurons
derived fromAlzheimer’s disease patients have shownelevated levels
of toxic amyloid-b species andphosphorylated taubutdidnotdemon-
strate amyloid-bplaquesorneurofibrillary tangles6–11.Herewe report
that FADmutations in b-amyloid precursor protein and presenilin
1 are able to induce robust extracellular deposition of amyloid-b,
including amyloid-b plaques, in a human neural stem-cell-derived
three-dimensional (3D) culture system.More importantly, the 3D-
differentiated neuronal cells expressing FAD mutations exhibited
high levels of detergent-resistant, silver-positive aggregates of phos-
phorylated tau in the soma and neurites, as well as filamentous tau,
as detected by immunoelectronmicroscopy. Inhibition of amyloid-
b generation with b- or c-secretase inhibitors not only decreased
amyloid-bpathology, but also attenuated tauopathy.We also found
thatglycogen synthasekinase3 (GSK3) regulatedamyloid-b-mediated
tau phosphorylation.We have successfully recapitulated amyloid-b
and tau pathology in a single 3D human neural cell culture system.
Ourunique strategy for recapitulatingAlzheimer’s diseasepathology
in a 3D neural cell culture model should also serve to facilitate the
development ofmoreprecise humanneural cellmodels of other neu-
rodegenerative disorders.
Todevelophumanneuralprogenitor cells (hNPCs) thatproducehigh

levels of toxic amyloid-b species, we overexpressed human b-amyloid
precursor protein (APP) orAPP and presenilin 1 (PSEN1), containing
FADmutations. We first generated polycistronic lentiviral constructs
designed to express humanAPPwithbothK670N/M671L (Swedish) and
V717I (London) FADmutations (APPSL) or APPSL and PSEN1 with
DE9 FADmutation (PSEN1(DE9)) (Fig. 1a). These FAD lentiviral con-
structswere transfected intoReNcellVMhumanneural stem(ReN) cells
(Millipore). The transfected cellswithGFP (ReN-G),mCherry (ReN-m),
APPSL-GFP (ReN-GA), APPSL-GFP/PSEN1(DE9)-mCherry (ReN-
mGAP),APPSL-PSEN1(DE9)-mCherry (ReN-mAP)orGFP/APPSL-
PSEN1(DE9)-mCherry (HReN-mGAP) were enriched on the basis of
GFP and/or mCherry signals using fluorescence-activated cell sorting
(FACS) (ExtendedData Fig. 1a–c, f).Westernblot analysis revealedhigh
expressionof PSEN1(DE9),APPandAPPcarboxy-terminal fragments
inReNcellswithFADmutations (FADReNcells, ExtendedDataFig. 1e).

Aspreviously reported12–14,most ReNcells differentiated intoneuronal
and glial cells within 3weeks (ExtendedData Figs 1d and 2a). Immuno-
fluorescence staining confirmedpunctate localizationofVGluT1 (vesic-
ular glutamate transporter 1), a presynapticmarker, alongwithdendritic
processes (ExtendedData Fig. 2b). Quantitative real-timePCR (qPCR)
array analysis showed robust increases of neuronal andglialmarker genes
(ExtendedDataFig. 2c). Reverse-transcription–PCR(RT–PCR) analysis
also showed a dramatic increase of 4-repeat adult tau isoforms follow-
ing differentiation (ExtendedData Fig. 2d). The differentiatedReNcells

*These authors contributed equally to this work.
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Figure 1 | Generation of hNPCs withmultiple FADmutations. a, Diagrams
showing lentiviral internal ribosome entry sites (IRES) constructs. CMV,
cytomegalovirus. b, Increased Ab40 and Ab42 levels in 6-week differentiated
FAD ReN cells. Amyloid-b levels in conditioned media were normalized to
total protein levels. *P, 0.05; **P, 0.01; ***P, 0.001; ANOVA followed by
a post hoc Dunnett’s test; n5 3 per each sample. c, Amyloid-b levels are
dramatically decreased in FADReN cells after treatment with 1 mM b-secretase
inhibitor IV or 3.7 nM compound E. Mean6 s.e.m.; *P, 0.05; **P, 0.01;
***P, 0.001; ANOVA followed by a post hoc Dunnett’s test; n5 3 per each
sample; ND, not detected.
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Alzheimer’s disease is themost common form of dementia, charac-
terized by two pathological hallmarks: amyloid-b plaques and neu-
rofibrillary tangles1. The amyloid hypothesis of Alzheimer’s disease
posits that the excessive accumulation of amyloid-b peptide leads to
neurofibrillary tangles composedof aggregatedhyperphosphorylated
tau2,3. However, to date, no single disease model has serially linked
these two pathological events using human neuronal cells. Mouse
models with familial Alzheimer’s disease (FAD) mutations exhibit
amyloid-b-induced synaptic andmemorydeficits but theydonot fully
recapitulate other key pathological events ofAlzheimer’s disease, in-
cludingdistinct neurofibrillary tangle pathology4,5.Humanneurons
derived fromAlzheimer’s disease patients have shownelevated levels
of toxic amyloid-b species andphosphorylated taubutdidnotdemon-
strate amyloid-bplaquesorneurofibrillary tangles6–11.Herewe report
that FADmutations in b-amyloid precursor protein and presenilin
1 are able to induce robust extracellular deposition of amyloid-b,
including amyloid-b plaques, in a human neural stem-cell-derived
three-dimensional (3D) culture system.More importantly, the 3D-
differentiated neuronal cells expressing FAD mutations exhibited
high levels of detergent-resistant, silver-positive aggregates of phos-
phorylated tau in the soma and neurites, as well as filamentous tau,
as detected by immunoelectronmicroscopy. Inhibition of amyloid-
b generation with b- or c-secretase inhibitors not only decreased
amyloid-bpathology, but also attenuated tauopathy.We also found
thatglycogen synthasekinase3 (GSK3) regulatedamyloid-b-mediated
tau phosphorylation.We have successfully recapitulated amyloid-b
and tau pathology in a single 3D human neural cell culture system.
Ourunique strategy for recapitulatingAlzheimer’s diseasepathology
in a 3D neural cell culture model should also serve to facilitate the
development ofmoreprecise humanneural cellmodels of other neu-
rodegenerative disorders.
Todevelophumanneuralprogenitor cells (hNPCs) thatproducehigh

levels of toxic amyloid-b species, we overexpressed human b-amyloid
precursor protein (APP) orAPP and presenilin 1 (PSEN1), containing
FADmutations. We first generated polycistronic lentiviral constructs
designed to express humanAPPwithbothK670N/M671L (Swedish) and
V717I (London) FADmutations (APPSL) or APPSL and PSEN1 with
DE9 FADmutation (PSEN1(DE9)) (Fig. 1a). These FAD lentiviral con-
structswere transfected intoReNcellVMhumanneural stem(ReN) cells
(Millipore). The transfected cellswithGFP (ReN-G),mCherry (ReN-m),
APPSL-GFP (ReN-GA), APPSL-GFP/PSEN1(DE9)-mCherry (ReN-
mGAP),APPSL-PSEN1(DE9)-mCherry (ReN-mAP)orGFP/APPSL-
PSEN1(DE9)-mCherry (HReN-mGAP) were enriched on the basis of
GFP and/or mCherry signals using fluorescence-activated cell sorting
(FACS) (ExtendedData Fig. 1a–c, f).Westernblot analysis revealedhigh
expressionof PSEN1(DE9),APPandAPPcarboxy-terminal fragments
inReNcellswithFADmutations (FADReNcells, ExtendedDataFig. 1e).

Aspreviously reported12–14,most ReNcells differentiated intoneuronal
and glial cells within 3weeks (ExtendedData Figs 1d and 2a). Immuno-
fluorescence staining confirmedpunctate localizationofVGluT1 (vesic-
ular glutamate transporter 1), a presynapticmarker, alongwithdendritic
processes (ExtendedData Fig. 2b). Quantitative real-timePCR (qPCR)
array analysis showed robust increases of neuronal andglialmarker genes
(ExtendedDataFig. 2c). Reverse-transcription–PCR(RT–PCR) analysis
also showed a dramatic increase of 4-repeat adult tau isoforms follow-
ing differentiation (ExtendedData Fig. 2d). The differentiatedReNcells
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Figure 1 | Generation of hNPCs withmultiple FADmutations. a, Diagrams
showing lentiviral internal ribosome entry sites (IRES) constructs. CMV,
cytomegalovirus. b, Increased Ab40 and Ab42 levels in 6-week differentiated
FAD ReN cells. Amyloid-b levels in conditioned media were normalized to
total protein levels. *P, 0.05; **P, 0.01; ***P, 0.001; ANOVA followed by
a post hoc Dunnett’s test; n5 3 per each sample. c, Amyloid-b levels are
dramatically decreased in FADReN cells after treatment with 1 mM b-secretase
inhibitor IV or 3.7 nM compound E. Mean6 s.e.m.; *P, 0.05; **P, 0.01;
***P, 0.001; ANOVA followed by a post hoc Dunnett’s test; n5 3 per each
sample; ND, not detected.
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Generation  of  hNPCs  with  multiple  FAD  mutations

n Human  neural  progenitor  cells  (hNPCs).
n Overexpress  human  APP and  PSEN1 genes,  containing  FAD  
mutations.

Lentiviral  vectors:



FACS  sorting  of  hNPCs  and  their  differentiation

n Most  ReN  stem  cells  differentiated  into  neuronal  and  glial  cells  within  3  weeks.



Increased  amyloid-­b levels  in  conditioned  media

6-­week  differentiated  condition

Ab40:  ~9-­fold  increase
Ab42:  ~17-­fold  increase

Ab42  / Ab40: ~  2-­fold



In  conventional  2D  cultures,  secreted  amyloid-­b
diffuses  into  a  large  volume  of  media.  

Therefore,  they  hypothesized  that  a  3D  culture  
would  accelerate  amyloid-­b deposition  by  limiting  
diffusion  of  amyloid-­b,  allowing  for  aggregation.



3D  cell  culture  models

n BD  Matrigel  (BD  Biosciences)  as  a  3D  support  matrix  since  it  contains  
high  levels  of  brain  extracellular  matrix  proteins.

-­ Thin-­layer  3D  culture  protocol:

-­ Thick-­layer  3D  culture  protocol:



Robust  increase  of  extracellular  amyloid-­b deposits  
in  3D-­differentiated  hNPCs  with  FAD  mutations



Robust  increase  of  extracellular  amyloid-­b deposits  
in  3D-­differentiated  hNPCs  with  FAD  mutations



-­ Elevation  of  amyloid-­b and  p-­tau  shown  by  western  blot.

-­ Elevated  p-­tau  proteins  are  aggregated   in  a  manner  similar  
to  those  observed   in  the  degenerating  AD  neurons.
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Alzheimer’s disease is themost common form of dementia, charac-
terized by two pathological hallmarks: amyloid-b plaques and neu-
rofibrillary tangles1. The amyloid hypothesis of Alzheimer’s disease
posits that the excessive accumulation of amyloid-b peptide leads to
neurofibrillary tangles composedof aggregatedhyperphosphorylated
tau2,3. However, to date, no single disease model has serially linked
these two pathological events using human neuronal cells. Mouse
models with familial Alzheimer’s disease (FAD) mutations exhibit
amyloid-b-induced synaptic andmemorydeficits but theydonot fully
recapitulate other key pathological events ofAlzheimer’s disease, in-
cludingdistinct neurofibrillary tangle pathology4,5.Humanneurons
derived fromAlzheimer’s disease patients have shownelevated levels
of toxic amyloid-b species andphosphorylated taubutdidnotdemon-
strate amyloid-bplaquesorneurofibrillary tangles6–11.Herewe report
that FADmutations in b-amyloid precursor protein and presenilin
1 are able to induce robust extracellular deposition of amyloid-b,
including amyloid-b plaques, in a human neural stem-cell-derived
three-dimensional (3D) culture system.More importantly, the 3D-
differentiated neuronal cells expressing FAD mutations exhibited
high levels of detergent-resistant, silver-positive aggregates of phos-
phorylated tau in the soma and neurites, as well as filamentous tau,
as detected by immunoelectronmicroscopy. Inhibition of amyloid-
b generation with b- or c-secretase inhibitors not only decreased
amyloid-bpathology, but also attenuated tauopathy.We also found
thatglycogen synthasekinase3 (GSK3) regulatedamyloid-b-mediated
tau phosphorylation.We have successfully recapitulated amyloid-b
and tau pathology in a single 3D human neural cell culture system.
Ourunique strategy for recapitulatingAlzheimer’s diseasepathology
in a 3D neural cell culture model should also serve to facilitate the
development ofmoreprecise humanneural cellmodels of other neu-
rodegenerative disorders.
Todevelophumanneuralprogenitor cells (hNPCs) thatproducehigh

levels of toxic amyloid-b species, we overexpressed human b-amyloid
precursor protein (APP) orAPP and presenilin 1 (PSEN1), containing
FADmutations. We first generated polycistronic lentiviral constructs
designed to express humanAPPwithbothK670N/M671L (Swedish) and
V717I (London) FADmutations (APPSL) or APPSL and PSEN1 with
DE9 FADmutation (PSEN1(DE9)) (Fig. 1a). These FAD lentiviral con-
structswere transfected intoReNcellVMhumanneural stem(ReN) cells
(Millipore). The transfected cellswithGFP (ReN-G),mCherry (ReN-m),
APPSL-GFP (ReN-GA), APPSL-GFP/PSEN1(DE9)-mCherry (ReN-
mGAP),APPSL-PSEN1(DE9)-mCherry (ReN-mAP)orGFP/APPSL-
PSEN1(DE9)-mCherry (HReN-mGAP) were enriched on the basis of
GFP and/or mCherry signals using fluorescence-activated cell sorting
(FACS) (ExtendedData Fig. 1a–c, f).Westernblot analysis revealedhigh
expressionof PSEN1(DE9),APPandAPPcarboxy-terminal fragments
inReNcellswithFADmutations (FADReNcells, ExtendedDataFig. 1e).

Aspreviously reported12–14,most ReNcells differentiated intoneuronal
and glial cells within 3weeks (ExtendedData Figs 1d and 2a). Immuno-
fluorescence staining confirmedpunctate localizationofVGluT1 (vesic-
ular glutamate transporter 1), a presynapticmarker, alongwithdendritic
processes (ExtendedData Fig. 2b). Quantitative real-timePCR (qPCR)
array analysis showed robust increases of neuronal andglialmarker genes
(ExtendedDataFig. 2c). Reverse-transcription–PCR(RT–PCR) analysis
also showed a dramatic increase of 4-repeat adult tau isoforms follow-
ing differentiation (ExtendedData Fig. 2d). The differentiatedReNcells
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Figure 1 | Generation of hNPCs withmultiple FADmutations. a, Diagrams
showing lentiviral internal ribosome entry sites (IRES) constructs. CMV,
cytomegalovirus. b, Increased Ab40 and Ab42 levels in 6-week differentiated
FAD ReN cells. Amyloid-b levels in conditioned media were normalized to
total protein levels. *P, 0.05; **P, 0.01; ***P, 0.001; ANOVA followed by
a post hoc Dunnett’s test; n5 3 per each sample. c, Amyloid-b levels are
dramatically decreased in FADReN cells after treatment with 1 mM b-secretase
inhibitor IV or 3.7 nM compound E. Mean6 s.e.m.; *P, 0.05; **P, 0.01;
***P, 0.001; ANOVA followed by a post hoc Dunnett’s test; n5 3 per each
sample; ND, not detected.
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Alzheimer’s disease is themost common form of dementia, charac-
terized by two pathological hallmarks: amyloid-b plaques and neu-
rofibrillary tangles1. The amyloid hypothesis of Alzheimer’s disease
posits that the excessive accumulation of amyloid-b peptide leads to
neurofibrillary tangles composedof aggregatedhyperphosphorylated
tau2,3. However, to date, no single disease model has serially linked
these two pathological events using human neuronal cells. Mouse
models with familial Alzheimer’s disease (FAD) mutations exhibit
amyloid-b-induced synaptic andmemorydeficits but theydonot fully
recapitulate other key pathological events ofAlzheimer’s disease, in-
cludingdistinct neurofibrillary tangle pathology4,5.Humanneurons
derived fromAlzheimer’s disease patients have shownelevated levels
of toxic amyloid-b species andphosphorylated taubutdidnotdemon-
strate amyloid-bplaquesorneurofibrillary tangles6–11.Herewe report
that FADmutations in b-amyloid precursor protein and presenilin
1 are able to induce robust extracellular deposition of amyloid-b,
including amyloid-b plaques, in a human neural stem-cell-derived
three-dimensional (3D) culture system.More importantly, the 3D-
differentiated neuronal cells expressing FAD mutations exhibited
high levels of detergent-resistant, silver-positive aggregates of phos-
phorylated tau in the soma and neurites, as well as filamentous tau,
as detected by immunoelectronmicroscopy. Inhibition of amyloid-
b generation with b- or c-secretase inhibitors not only decreased
amyloid-bpathology, but also attenuated tauopathy.We also found
thatglycogen synthasekinase3 (GSK3) regulatedamyloid-b-mediated
tau phosphorylation.We have successfully recapitulated amyloid-b
and tau pathology in a single 3D human neural cell culture system.
Ourunique strategy for recapitulatingAlzheimer’s diseasepathology
in a 3D neural cell culture model should also serve to facilitate the
development ofmoreprecise humanneural cellmodels of other neu-
rodegenerative disorders.
Todevelophumanneuralprogenitor cells (hNPCs) thatproducehigh

levels of toxic amyloid-b species, we overexpressed human b-amyloid
precursor protein (APP) orAPP and presenilin 1 (PSEN1), containing
FADmutations. We first generated polycistronic lentiviral constructs
designed to express humanAPPwithbothK670N/M671L (Swedish) and
V717I (London) FADmutations (APPSL) or APPSL and PSEN1 with
DE9 FADmutation (PSEN1(DE9)) (Fig. 1a). These FAD lentiviral con-
structswere transfected intoReNcellVMhumanneural stem(ReN) cells
(Millipore). The transfected cellswithGFP (ReN-G),mCherry (ReN-m),
APPSL-GFP (ReN-GA), APPSL-GFP/PSEN1(DE9)-mCherry (ReN-
mGAP),APPSL-PSEN1(DE9)-mCherry (ReN-mAP)orGFP/APPSL-
PSEN1(DE9)-mCherry (HReN-mGAP) were enriched on the basis of
GFP and/or mCherry signals using fluorescence-activated cell sorting
(FACS) (ExtendedData Fig. 1a–c, f).Westernblot analysis revealedhigh
expressionof PSEN1(DE9),APPandAPPcarboxy-terminal fragments
inReNcellswithFADmutations (FADReNcells, ExtendedDataFig. 1e).

Aspreviously reported12–14,most ReNcells differentiated intoneuronal
and glial cells within 3weeks (ExtendedData Figs 1d and 2a). Immuno-
fluorescence staining confirmedpunctate localizationofVGluT1 (vesic-
ular glutamate transporter 1), a presynapticmarker, alongwithdendritic
processes (ExtendedData Fig. 2b). Quantitative real-timePCR (qPCR)
array analysis showed robust increases of neuronal andglialmarker genes
(ExtendedDataFig. 2c). Reverse-transcription–PCR(RT–PCR) analysis
also showed a dramatic increase of 4-repeat adult tau isoforms follow-
ing differentiation (ExtendedData Fig. 2d). The differentiatedReNcells
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Figure 1 | Generation of hNPCs withmultiple FADmutations. a, Diagrams
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Discussion

n Successfully  recapitulates  amyloid-­b and  tau  pathologies  of  AD.

n Questions  need  to  be  addressed:
-­ Does  it  cause  neurodegeneration  and/or  synaptic  dysfunction?

-­ What  is  the  role  of  glial  cells  in  a  3D  cell  culture  model  of  AD?                
i.e.  Neuroinflammation vs.  phagocytosis?

-­ How  does  it  closely  mimic  in  vivo brain  contexts?  
i.e.  Organoid  culture using  iNeurons derived  from  sporadic  or  
familial  AD?        
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Abstract
The dismal success rate of clinical trials for Alzheimer’s disease (AD) motivates us to
develop model systems of AD pathology that have higher predictive validity. The advent of
induced pluripotent stem cells (iPSCs) allows us to model pathology and study disease
mechanisms directly in human neural cells from healthy individual as well as AD patients.
However, two-dimensional culture systems do not recapitulate the complexity of neural tis-
sue, and phenotypes such as extracellular protein aggregation are difficult to observe. We
report brain organoids that use pluripotent stem cells derived from AD patients and recapitu-
late AD-like pathologies such as amyloid aggregation, hyperphosphorylated tau protein,
and endosome abnormalities. These pathologies are observed in an age-dependent man-
ner in organoids derived from multiple familial AD (fAD) patients harboring amyloid precur-
sor protein (APP) duplication or presenilin1 (PSEN1) mutation, compared to controls. The
incidence of AD pathology was consistent amongst several fAD lines, which carried differ-
ent mutations. Although these are complex assemblies of neural tissue, they are also highly
amenable to experimental manipulation. We find that treatment of patient-derived organoids
with β- and γ-secretase inhibitors significantly reduces amyloid and tau pathology. More-
over, these results show the potential of this model system to greatly increase the translat-
ability of pre-clinical drug discovery in AD.

Introduction
Alzheimer’s disease (AD) is an age-related neurodegenerative disorder associated with severe
memory impairments, which has become the sixth leading cause of death in the United States
(www.alz.org) [1,2]. Individuals with AD develop brain atrophy and neuronal loss, and the dis-
ease is characterized by the presence of dense extracellular deposits of amyloid plaques and
neurofibrillary tangles [3–14]. Much of our understanding of the mechanisms underlying AD

PLOS ONE | DOI:10.1371/journal.pone.0161969 September 13, 2016 1 / 18

a11111

OPENACCESS

Citation:Raja WK, Mungenast AE, Lin Y-T, Ko T,
Abdurrob F, Seo J, et al. (2016) Self-Organizing 3D
Human Neural Tissue Derived from Induced
PluripotentStem Cells RecapitulateAlzheimer’s
Disease Phenotypes.PLoS ONE 11(9): e0161969.
doi:10.1371/journal.pone.0161969

Editor: Jaya Padmanabhan, USF Health Morsani
College of Medicine, UNITED STATES

Received:May 29, 2016

Accepted:August 15, 2016

Published:September 13, 2016

Copyright:© 2016 Raja et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricteduse, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement:All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the National
Institutes of Health (https://www.nih.gov/), Grant
numbers: RF1AG042978,RF1AG048029, and
R01NS051874 to LHT; Jeffry M. Picower and Barbara
Picower (JPB foundation) (http://www.jpbfoundation.
org/), Picower Institute Innovation Fund to LHT; and
the Robert A. and Renee E. Belfer Family Foundation
and Belfer Neurodegeneration Consortium to LHT.
The funder provided support in the form of salaries
for authorsWKR, AM, YL, FA, and JS, but did not



RESEARCH ARTICLE

Self-Organizing 3D Human Neural Tissue
Derived from Induced Pluripotent Stem Cells
Recapitulate Alzheimer’s Disease Phenotypes
Waseem K. Raja1, Alison E. Mungenast1, Yuan-Ta Lin1, Tak Ko2, Fatema Abdurrob1,
Jinsoo Seo1, Li-Huei Tsai1*

1 Picower Institute for Learning and Memory, Department of Brain and Cognitive Sciences, Massachusetts
Institute of Technology, Cambridge, MA, United States of America, 2 Induced Pluripotent Stem Cell Core
Facility, Picower Institute for Learning and Memory, Massachusetts Institute of Technology, Cambridge, MA,
United States of America

* lhtsai@mit.edu

Abstract
The dismal success rate of clinical trials for Alzheimer’s disease (AD) motivates us to
develop model systems of AD pathology that have higher predictive validity. The advent of
induced pluripotent stem cells (iPSCs) allows us to model pathology and study disease
mechanisms directly in human neural cells from healthy individual as well as AD patients.
However, two-dimensional culture systems do not recapitulate the complexity of neural tis-
sue, and phenotypes such as extracellular protein aggregation are difficult to observe. We
report brain organoids that use pluripotent stem cells derived from AD patients and recapitu-
late AD-like pathologies such as amyloid aggregation, hyperphosphorylated tau protein,
and endosome abnormalities. These pathologies are observed in an age-dependent man-
ner in organoids derived from multiple familial AD (fAD) patients harboring amyloid precur-
sor protein (APP) duplication or presenilin1 (PSEN1) mutation, compared to controls. The
incidence of AD pathology was consistent amongst several fAD lines, which carried differ-
ent mutations. Although these are complex assemblies of neural tissue, they are also highly
amenable to experimental manipulation. We find that treatment of patient-derived organoids
with β- and γ-secretase inhibitors significantly reduces amyloid and tau pathology. More-
over, these results show the potential of this model system to greatly increase the translat-
ability of pre-clinical drug discovery in AD.

Introduction
Alzheimer’s disease (AD) is an age-related neurodegenerative disorder associated with severe
memory impairments, which has become the sixth leading cause of death in the United States
(www.alz.org) [1,2]. Individuals with AD develop brain atrophy and neuronal loss, and the dis-
ease is characterized by the presence of dense extracellular deposits of amyloid plaques and
neurofibrillary tangles [3–14]. Much of our understanding of the mechanisms underlying AD

PLOS ONE | DOI:10.1371/journal.pone.0161969 September 13, 2016 1 / 18

a11111

OPENACCESS

Citation:Raja WK, Mungenast AE, Lin Y-T, Ko T,
Abdurrob F, Seo J, et al. (2016) Self-Organizing 3D
Human Neural Tissue Derived from Induced
PluripotentStem Cells RecapitulateAlzheimer’s
Disease Phenotypes.PLoS ONE 11(9): e0161969.
doi:10.1371/journal.pone.0161969

Editor: Jaya Padmanabhan, USF Health Morsani
College of Medicine, UNITED STATES

Received:May 29, 2016

Accepted:August 15, 2016

Published:September 13, 2016

Copyright:© 2016 Raja et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricteduse, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement:All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the National
Institutes of Health (https://www.nih.gov/), Grant
numbers: RF1AG042978,RF1AG048029, and
R01NS051874 to LHT; Jeffry M. Picower and Barbara
Picower (JPB foundation) (http://www.jpbfoundation.
org/), Picower Institute Innovation Fund to LHT; and
the Robert A. and Renee E. Belfer Family Foundation
and Belfer Neurodegeneration Consortium to LHT.
The funder provided support in the form of salaries
for authorsWKR, AM, YL, FA, and JS, but did not

Fig 1. Organoids created from patient-derived iPSCs exhibit robust Alzheimer’s disease (AD)-like pathology. (A) Concentration of
Aβ1–40 and Aβ1–42 from supernatantof control (Ctrl; CS-0020-01) and familial AD (fAD;APPDp1-1) organoid cultures, measured by ELISA,
as well as the ratio of Aβ1–42 to Aβ1–40 concentrations. Unpaired two-tailed t-test with equal variance: *p = 0.047 (Aβ1–40), unpaired two-
tailed t-test with Welch’s correction for unequal variance: **p = 0.004 (Aβ1–42), p = 0.48 (Aβ1-42/Aβ1–40). (B) Tissue sections from fAD
(APPDp1-1) and control (Ctrl; CS-0020-01) organoids were processed for immunoreactivity against amyloid β (Aβ) using two antibodies
(D54D2: white, 4G8: green), as well as antibodies against the neuronal marker MAP2 (red) and stained with the nuclear dye Hoechst (blue).
Insets demonstrate Aβ immunoreactivity that appears both extracellular (i, arrow) and intracellular (ii, arrowhead) based upon MAP2 co-
localization. (C) Z-projection of immunolabeled tissue sections from 90 day old Ctrl and fAD organoids showing immunoreactivity for Aβ

Brain Organoids Recapitulate Alzheimer's Disease Phenotype
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Fig 1. Organoids created from patient-derived iPSCs exhibit robust Alzheimer’s disease (AD)-like pathology. (A) Concentration of
Aβ1–40 and Aβ1–42 from supernatantof control (Ctrl; CS-0020-01) and familial AD (fAD;APPDp1-1) organoid cultures, measured by ELISA,
as well as the ratio of Aβ1–42 to Aβ1–40 concentrations. Unpaired two-tailed t-test with equal variance: *p = 0.047 (Aβ1–40), unpaired two-
tailed t-test with Welch’s correction for unequal variance: **p = 0.004 (Aβ1–42), p = 0.48 (Aβ1-42/Aβ1–40). (B) Tissue sections from fAD
(APPDp1-1) and control (Ctrl; CS-0020-01) organoids were processed for immunoreactivity against amyloid β (Aβ) using two antibodies
(D54D2: white, 4G8: green), as well as antibodies against the neuronal marker MAP2 (red) and stained with the nuclear dye Hoechst (blue).
Insets demonstrate Aβ immunoreactivity that appears both extracellular (i, arrow) and intracellular (ii, arrowhead) based upon MAP2 co-
localization. (C) Z-projection of immunolabeled tissue sections from 90 day old Ctrl and fAD organoids showing immunoreactivity for Aβ
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n Alzheimer’s  disease

n Nucleotide  expansion   (neurodegenerative)   disorders  and  
their  key  pathogenic  mechanisms

n Relatively  new  disease  pathogenesis
-­ spreading  of  mutant  disease-­causing  aggregates
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Expanded  nucleotide  repeats  are  located  in  
different  parts  of  transcripts

Krzyzosiak  et  al.,  Nucleic  Acids  Res. 2011
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n PolyQ  expansion  in  ATXN1  is  necessary  but  not  
sufficient  to  cause  ataxia  and  Purkinje  cell  
degeneration.
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SUMMARY

The N-terminal 17 amino acids of huntingtin (NT17)
can be phosphorylated on serines 13 and 16;
however, the significance of these modifications in
Huntington’s disease pathogenesis remains
unknown. In this study, we developed BAC trans-
genic mice expressing full-length mutant huntingtin
(fl-mhtt) with serines 13 and 16 mutated to either
aspartate (phosphomimetic or SD) or alanine (phos-
phoresistant or SA). Both mutant proteins preserve
the essential function of huntingtin in rescuing
knockout mouse phenotypes. However, fl-mhtt-
induced disease pathogenesis, including motor and
psychiatric-like behavioral deficits, mhtt aggrega-
tion, and selective neurodegeneration are abolished
in SD but preserved in SA mice. Moreover, modifica-
tion of these serines in expanded repeat huntingtin
peptides modulates aggregation and amyloid fibril
formation in vitro. Together, our findings demonstrate
that serines 13 and 16 are critical determinants of
fl-mhtt-induced disease pathogenesis in vivo, sup-
porting the targeting of huntingtin NT17 domain and
its modifications in HD therapy.

INTRODUCTION

Huntington’s disease (HD) is an autosomal-dominant and
progressive neurodegenerative disorder characterized by move-
ment disorders, cognitive impairment, and psychiatric symp-

toms (Harper, 1996). HD is caused by a polyglutamine (polyQ)
repeat expansion near the N terminus of huntingtin (Htt), a very
large 350 kDa protein (The Huntington’s Disease Collaborative
Research Group, 1993). Huntingtin is thought to function as
a scaffolding protein that mediates a variety of protein-protein
interactions involved in vesicular trafficking, signaling, and tran-
scription (MacDonald, 2003; Li and Li, 2006). HD neuropathology
is characterized by the selective loss of predominantly medium-
sized spiny neurons (MSNs) in the striatum and to a lesser extent
the pyramidal neurons in the deep layers of the cortex (Vonsattel
and DiFiglia, 1998). Another pathological hallmark of HD is the
accumulation of nuclear and cytoplasmic protein aggregates
containing mhtt N-terminal polyQ fragments in the cortex and
striatum (DiFiglia et al., 1997; Gutekunst et al., 1999). Currently,
it remains unclear how mhtt can cause progressive neuronal
dysfunction and selective neurodegeneration in the brain (Orr
and Zoghbi, 2007; Li and Li, 2006). Unraveling the underlying
pathogenic mechanisms may provide important clues to the
development of effective treatments for this lethal neurodegen-
erative disorder.

Although protein misfolding due to polyQ expansion appears
to be a shared pathogenic mechanism in all polyQ disorders
(Orr and Zoghbi, 2007; Williams and Paulson, 2008; Bates,
2003; Ross and Poirier, 2004), the critical molecular pathway
through which misfolded polyQ proteins elicit disease-specific
clinical and pathological outcomes remain unresolved. Recent
studies reveal a critical role for the specific protein context
beyond the expanded polyQ domain in modifying disease path-
ogenesis (Gatchel and Zoghbi, 2005; Orr and Zoghbi, 2007;
Katsuno et al., 2002). In HD, covalent posttranslational modifica-
tions of mhtt have been implicated in disease pathogenesis
(Schilling et al., 2006; Steffan et al., 2004; Jeong et al., 2009;

828 Neuron 64, 828–840, December 24, 2009 ª2009 Elsevier Inc.
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pathogenesis elicited by fl-mhtt, and that targeting such a critical
molecular pathogenic mechanism may have a dramatic thera-
peutic impact.

Significance of S13 and S16 Residues in HD
Pathogenesis In Vivo
A critical challenge in HD research is to identify which subset of
molecular mechanisms could have a significant role in deter-
mining disease pathogenesis and in developing therapeutics

(Orr and Zoghbi, 2007; Beal and Ferrante, 2004; Li and Li,
2006). One fruitful approach to study polyQ disease pathogen-
esis is to assess how the distinct protein context of the polyQ
repeat (i.e., other domains or covalent modifications) may be
involved in controlling disease pathogenesis (Orr and Zoghbi,
2007). In HD, multiple htt protein domains and covalent htt modi-
fications have been implicated in disease pathogenesis (e.g.,
Steffan et al., 2004; Duennwald et al., 2006; Jeong et al.,
2009). However, only the caspase cleavage sites have been

Figure 6. In Vitro Aggregation of Exon-1
Peptides and a Schematic Model on Serines
13 and 16 as a Critical Molecular Switch of
HD Pathogenesis
(A) HPLC-based sedimentation assays indicate

differences in the aggregation of WT:10.8 mM (d,

R2 = 0.9832, SE = 6.7), SA:10.9 mM (A, R2 =

0.9843, SE = 6.3), and SD:10 mM (:, R2 =

0.9863, SE = 3.2) NT17Q37P10K2 peptides. The

experiments were done in duplicate (for WT) and

triplicate (SA and SD mutants), and the data

were fit using Sigma Plot 10.0 software to

a single-exponential three-parameter decay func-

tion. Error bars indicate mean ± SEM.

(B–H) Electron microscope images on aggregates

harvested after 96 hr aggregation time. WT (B) and

SA mutant (C) peptide aggregates are morpholog-

ically equivalent. SD mutant peptide aggregates

(D–H) include none of these mature amyloids but

rather are composed of a mixture of alternative

morphologies associated with aborted and/or

alternative aggregation pathways.

(I) A schematic model of how serines 13 and 16 act

as a molecular switch to dichotomize fl-mhtt-

induced disease pathogenesis. Depending on

the molecular state of S13 and S16, fl-mhtt may

be involved in two distinct molecular pathways.

In the toxic mhtt pathway, when S13 and S16 are

not phosphorylated, a state mimicked by SA

mutations, fl-mhtt may mediate its toxicity via

interaction with yet undefined protein X, or it may

be cleaved into toxic mhtt polyQ fragments that

may misfold and form toxic monomers, oligomers,

aggregates, and mature amyloid fibrils. Moreover,

these mhtt species may be difficult to be cleared

by the lysosome or proteosome (Thompson

et al., 2009). Overall, the unphosphorylated or SA

form of fl-mhtt can elicit HD pathogenesis

in vivo. In contrast, phosphorylation of S13 and

S16, modeled by SD mutations, may induce

biophysical changes to alter its polyQ-induced

protein misfolding and/or protein-protein interac-

tions (e.g., interacting with protein Y instead of

protein X) and slow the kinetics of htt aggregation

and impair the formation of mature amyloid fibrils,

thereby enhancing the clearance of mhtt species.

Overall, our study provides the proof-of-principle

that molecular targeting of S13 and S16 (i.e., SD

mutations) may convert fl-mhtt into a functional

but nontoxic form in vivo and hence represents

an attractive novel target for HD therapy.

Neuron
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SUMMARY

Cleavage of huntingtin (htt) has been character-
ized in vitro, and accumulation of caspase
cleavage fragments represents an early patho-
logical change in brains of Huntington’s disease
(HD) patients. However, the relationship be-
tween htt proteolysis and the pathogenesis of
HD is unknown. To determine whether caspase
cleavage of htt is a key event in the neuronal dys-
function and selective neurodegeneration in
HD, we generated YAC mice expressing cas-
pase-3- and caspase-6-resistant mutant htt.
Mice expressing mutant htt, resistant to cleav-
age by caspase-6 but not caspase-3, maintain
normal neuronal function and do not develop
striatal neurodegeneration. Furthermore, cas-
pase-6-resistant mutant htt mice are protected
against neurotoxicity induced by multiple
stressors including NMDA, quinolinic acid (QA),
and staurosporine. These results are consistent
with proteolysis of htt at the caspase-6 cleavage
site being an important event in mediating neu-
ronal dysfunction and neurodegeneration and
highlight the significant role of htt proteolysis
and excitotoxicity in HD.

INTRODUCTION

Huntington’s disease (HD), a neurodegenerative disorder
characterized by progressive deterioration of cognitive
and motor functions, is caused by an expansion of a trinu-
cleotide (CAG) repeat encoding glutamine in the N termi-
nus of huntingtin (htt). Polyglutamine expansion results

in selective loss of GABAergic medium spiny striatal neu-
rons as well as glutamatergic cortical neurons that project
to the striatum (Albin et al., 1990, 1992). A neuropatholog-
ical hallmark in human HD and mouse models is the intra-
cellular accumulation of N-terminal htt fragments (Gute-
kunst et al., 1999; Kim et al., 2001), suggesting that
aberrant htt proteolysis and/or dysfunctional clearance
of htt fragments may underlie the neuropathology in HD.

Several proteases, including caspases, calpains, and
aspartyl endopeptidases, cleave htt within the N-terminal
region (Wellington et al., 1998; Lunkes et al., 2002; Gafni
et al., 2004), and in vitro studies have demonstrated that
expanded N-terminal htt fragments have enhanced cyto-
toxicity (Hackam et al., 1998). Furthermore, although
some HD mouse models expressing truncated mutant
htt (mhtt) demonstrate behavioral deficits and neuronal in-
clusions (Davies et al., 1997; Schilling et al., 1999), in vivo
expression of an expanded N-terminal htt fragment con-
taining exons 1 and 2 (the shortstop model) does not result
in a behavioral or neurodegenerative phenotype (Slow
et al., 2005), demonstrating that N-terminal htt fragments
do not per se invariably result in pathology. In addition,
while several studies have shown that translocation of
htt to the nucleus is associated with increased toxicity in
vitro and neuropathology in vivo (Wheeler et al., 2000;
Wellington et al., 2002), the shortstop mouse exhibits
widespread diffuse nuclear htt but no neurotoxicity, sug-
gesting either that N-terminal fragments containing the
mutation alone are insufficient to cause the disease or
that a specific nuclear htt fragment is critical for the neuro-
nal degeneration in HD. In the YAC128 model, which ex-
presses full-length mhtt, nuclear localization of htt frag-
ments occurs earliest and to the greatest extent in the
striatum, the region most affected in HD (Van Raamsdonk
et al., 2005a).

htt is cleaved by caspase-3 and -6 in vitro, and cas-
pase-3-cleaved htt fragments are detectable in HD brain
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n Inhibition  of  caspase-­6  cleavage,  but  not  caspase-­3,  of  mutant  Htt
prevents  neurodegeneration  in  mice.

does not impair htt function in vivo during development
(Table S1). In YAC mice expressing low levels of mhtt
(HD54 and C3R9), only partial rescue is observed, consis-
tent with observations that developmental viability re-
quires a threshold level of htt expression (Auerbach
et al., 2001).

Inhibition of Caspase Cleavage of Huntingtin
Prevents Neurodegeneration In Vivo
Significant brain atrophy and loss of striatal volume have
previously been reported in HD53 mice by 9 months
(Slow et al., 2003), in HD55 by 12 months, and in the
lower-expressing HD54 line by 18 months (Graham
et al., 2005). First, we measured brain weights and striatal
volumes in CQR and HD54 mice at 18 months (n = 8). No
reduction in brain weight is observed for either the CQR24
or the CQR26 line compared to wt mice (CQR (pooled) =
0.39 ± 0.01 g, wt = 0.40 ± 0.02 g, p = 0.14; Figure 3A).
As expected, HD54 brain weights are significantly lower
than wt controls at 18 months (HD54 = 0.37 ± 0.01 g,
p = 0.02). Similarly, striatal volume is reduced by 9% in
HD54 mice relative to wt controls (HD54 = 11.9 ± 0.65 mm3,
wt = 13.2 ± 0.96 mm3, p = 0.03; Figure 3A). By contrast,
CQR24 and CQR26 mice do not exhibit any significant
reduction in striatal volume at 18 months compared to
wt mice (CQR (pooled) = 12.6 ± 0.74 mm3, p = 0.22). These
observations suggest that caspase cleavage of mhtt is
required for striatal volume loss.

To distinguish whether caspase-3 or -6 cleavage of
mhtt, or both, is critical for mediating striatal atrophy, we
next evaluated brain weights and striatal volumes in the
C3R lines relative to the appropriate control line HD54
and wt mice (n = 8). At 18 months, brain weight and striatal
volumes in the C3R lines (pooled) are indistinguishable
from HD54 (brain weight C3R = 0.37 ± 0.02 g, HD54 =
0.37 ± 0.01 g, p = 0.75; striatal volume C3R = 11.8 ±
0.90 mm3, HD54 = 11.9 ± 0.65 mm3, p = 0.84;
Figure 3B) and significantly less than wt controls (brain
weight wt = 0.40 ± 0.02 g, p = 0.002; striatal volume
wt = 13.2 ± 0.96 mm3, p = 0.003). These findings demon-
strate that preventing caspase-3 cleavage of mhtt pro-
vides no protection from striatal atrophy in vivo. Notably,
mice expressing C3R mhtt still generate caspase-6 frag-
ments of mhtt (Figures 2D and 2E).

We next evaluated whether caspase-6 cleavage of mhtt
influences brain weight and striatal volume in vivo. As ex-
pected (Graham et al., 2005), HD53 brain weight and stria-
tal volume are reduced compared to wt controls at 18
months (n = 8, brain weight HD53 = 0.35 ± 0.01 g, wt =
0.38 ± 0.02 g, p = 0.04; striatal volume HD53 = 10.9 ±
0.40 mm3, wt = 12.9 ± 0.42 mm3, p < 0.0001; Figure 3C).
By contrast, brain weight and striatal volume from C6R7
and C6R13 lines (pooled) are indistinguishable from wt
controls (n = 8, brain weight C6R = 0.38 ± 0.03 g, C6R ver-
sus wt: p = 0.61; striatal volume C6R = 12.3 ± 0.83 mm3,
C6R versus wt: p = 0.10), and striatal volume is signifi-
cantly increased relative to HD53 (p < 0.01, ANOVA p =
0.0004; Figure 3C). These data demonstrate that selective

Figure 3. Inhibition of Caspase Cleavage of Mutant Hunting-
tin Prevents Neurodegeneration In Vivo
(A) Brain weight and striatal volume at 18 months in wt, HD54, and CQR

mice (n = 8). Brain weight and striatal volume are preserved in CQR

mice and are similar to wt (p = 0.14 and p = 0.22, respectively). In con-

trast, HD54 brain weight and striatal volume are significantly reduced

versus wt (p = 0.02 and p = 0.03, respectively).

(B) Brain weight and striatal volume in C3R lines (pooled) are indistin-

guishable from HD54 (p = 0.75 and p = 0.84, respectively) and are sig-

nificantly less than wt controls (p = 0.002 and p = 0.003, respectively;

n = 8).

(C) HD53 brain weight and striatal volume are significantly reduced

compared to wt controls (p = 0.04 and p < 0.0001, respectively). By

contrast, brain weight and striatal volume in C6R lines (pooled) are

indistinguishable from wt (p = 0.61 and p = 0.10, respectively), and

striatal volume is significantly increased versus HD53 at 18 months

of age (p < 0.01, ANOVA p = 0.0004; n = 8).

(D) Striatal volume (left panel) and neuronal profiles (right panel) at 12

months in wt, HD53, and C6R mice (n = 7). HD53 mice demonstrate

significant striatal volume and neuronal loss at 12 months (p < 0.001

and p < 0.05, respectively). The C6R mice show preserved striatal vol-

ume and no neuronal loss and are significantly different from HD53

(striatal volume C6R versus wt: p = 0.57, C6R versus HD53: p <

0.001, ANOVA p = 0.0002; neuronal counts C6R versus wt: p = 0.74,

C6R versus HD53: p = 0.02). Mean measurements are given ±SD.

*p < 0.05; **p < 0.01; ***p < 0.001.
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Three  pathogenic  mechanisms  for  nucleotide  repeat  
expansion  disorders

1. Protein  gain-­of-­function
2. Loss  of  gene  function
3. RNA  gain-­of-­function

n Non-­coding  repeat  
expansion  disorder

n Protein-­coding  repeat  
expansion  disorder

1
3

2

Nelson  et  al.,  Neuron 2013



n Alleles  of  FMR1
Normal  individual
-­ Normal  transcription
-­ Normal  function  of  FMRP

Nelson  et  al.,  Neuron 2013



Loss  of  gene  function

Fragile  X  syndrome  (FXS)
-­ Silencing  FMR1  transcription  
-­ Loss  of  function  of  FMRP

n Alleles  of  FMR1
Normal  individual
-­ Normal  transcription
-­ Normal  function  of  FMRP

Nelson  et  al.,  Neuron 2013
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1. Protein  gain-­of-­function
2. Loss  of  gene  function
3. RNA  gain-­of-­function

n Non-­coding  repeat  
expansion  disorder

n Protein-­coding  repeat  
expansion  disorder
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3

2

Nelson  et  al.,  Neuron 2013



RNA  gain-­of-­function

Fragile  X  syndrome  (FXS)
-­ Silencing  FMR1  transcription  
-­ Loss  of  gene  function

Fragile  X  tremor-­ataxia  syndrome  (FXTAS)
-­ Normal  transcription
-­ RNA  gain-­of-­function

n Alleles  of  FMR1
Normal  individual
-­ Normal  transcription
-­ Normal  function  of  FMRP

Nelson  et  al.,  Neuron 2013



Dominant  effects  of  toxic  RNA  repeats

Krzyzosiak  et  al.,  Nucleic  Acids  Res. 2011



Dominant  effects  of  toxic  RNA  repeats

Krzyzosiak  et  al.,  Nucleic  Acids  Res. 2011

Nuclear  RNA  foci



RNA  foci  and  toxicity
n Myotonic  dystrophy  type  1  (DM1)
-­ CTG trinucleotide  expansion  in  the  3’-­UTR  region  of  DMPK1,  which  codes  for  
myotonic  dystrophy  protein  kinase.
-­ Anticipation:  5-­37  repeats  (normal)  >  38-­49  repeats  (premutation)  >  lager  than  
50  repeats  (full  mutation)    

n Myotonic  dystrophy  type  2  (DM2)
-­ CCTG tetranucleotide  expansion  in  the  intron  1  of  ZNF9
-­ Mild  anticipation:  up  to  30  repeats  (normal)  >  75  to  over  11,000  repeats  
(symptomatic)    

n RNA  foci
-­ lead  to  the  sequestration  and  altered  activity  of  RNA  binding  proteins
-­ RNA-­binding  proteins  “Muscleblind-­like1” and  “CUGBP1”

DM2 Normal DM1

Liquori  et  al.,  Science 2001



The  occurrence  of  various  
triplet  repeats  in  the  

human  transcriptome  and  
their  RNA  structures

Krzyzosiak  et  al.,  Nucleic  Acids  Res. 2011

(A)  Representation  of  TNRs  composed  of  
at  least  six  repeat  units  in  RefSeq  mRNA  
sequences  compared  with  the  whole  
human  genome  sequence  (17  out  of  20  
triplets  are  shown  due  to  lack  of  CGT,  
CTA,  TAG  repeats  in  exons.

(B)  20  different  triplet  repeat  RNAs  belong  
to  four  structural  classes.



Three  pathogenic  mechanisms  for  nucleotide  repeat  
expansion  disorders

1. Protein  gain-­of-­function
2. Loss  of  gene  function
3. RNA  gain-­of-­function

n Protein-­coding  repeat  
expansion  disorder

1
3

2

n Non-­coding  repeat  
expansion  disorder

Nelson  et  al.,  Neuron 2013



Hexanucleotide  repeat  expansion  disorder  

et  al.

Neuron  72,  245-­256  (2011)

et  al.

Neuron  72,  257-­268  (2011)

n Chromosome  9-­linked  FTD/ALS



Frequency  of  Chromosome  9p21  Repeat  Expansion  
in  FTLD  and  ALS

DeJesus-­Hernandez  et  al.,  Neuron 2011

UBC  =  University  of  British  Columbia
MCF  =    Mayo  Clinic  Florida
MC  =  Mayo  Clinic

n C9ORF72  hexanucleotide expansion  is  the  major  cause  of  sporadic  and  familial  FTD/ALS.
-­ at  least  8%  of  sporadic  ALS  (sALS)  and  FTD  cases
-­ more  than  40%  of  familial  ALS  (FALS)  and  FTD  cases



Effect  of  expanded  hexanucleotide repeat  on  C9ORF72  
expression

C9ORF72  protein  
-­ Function  not  well  known
-­ Structurally  related  to  DENN  domain  proteins,  highly  conserved  GDP-­GTP  exchanging  
factors   for  Rab GTPases.

DeJesus-­Hernandez  et  al.,  Neuron 2011



Expansion  of  hexanucleotide repeats  reduces  C9ORF72  
mRNA expression,  suggesting  a  potential  loss-­of-­function

DeJesus-­Hernandez  et  al.,  Neuron 2011



Expanded  GGGGCC  hexanucleotide   repeat  forms  
nuclear  RNA  foci  in  human  brain  and  spinal  cord,  

suggesting  a  toxic  RNA  gain-­of-­function

RNA  in  situ  hybridization  (FISH)  in  paraffin-­embedded  sections  from  FTLD-­TDP  patients

FISH  probe:  CY3-­labelled  (GGCCCC)4

Potential  RNA-­binding  proteins:
-­ Serine/arginine-­rich  splicing  factor  1  
(SRSF1)
-­hnRNP  A2/B1

DeJesus-­Hernandez  et  al.,  Neuron 2011



A  model  for  the  molecular  cascade  resulting  from  
C9ORF72  hexanucleotide  expansion

Lee  et  al.,  Cell  Reports 2013
Haeusler  et  al.,  Nature 2014

Premature  transcription

RNA  foci  &  
toxicity



Neuron  77,  639-­646  (2013)

Science  339,  1335-­1338  (2013)



A  model  for  the  molecular  cascade  resulting  from  
C9ORF72  hexanucleotide  expansion

Lee  et  al.,  Cell  Reports 2013
Haeusler  et  al.,  Nature 2014

Premature  transcription

RAN  translation



repeat  associated  non-­ATG  (RAN)  translation

n Unconventional  mode  of  translation  that  occurs  in  the  absence  of  an  initiating  
ATG  codon.  

n First  reported  that  RAN  translation  occurs  in  all  reading  frames (CAG,  AGC,  
GCA)  across  expanded  CAG  repeats  and  produces  homopolymeric  proteins of  
long  polyglutamine,  polyserine,  or  polyalanine  tracts.  

>  polyalanine  proteins  were  found  in  SCA8.  
>  polyglutamine  proteins  were  found  in  DM1.    

n RAN  translation  of  expanded  CAG  repeats  depends  on  hairpin  formation.  
(C:G  complementary  pairing)  



Mode  for  CGG  RAN  translation   in  FXTAS



Immunoreactivity  of  anti-­C9ORF72  in  c9FTD/ALS

Ash  et  al.,  Neuron 2013

Each  dot  represents  one  case



Hungtinton’s  disease SCA2 SBMA

Heart Kidney Spleen Sertoli  cells

C9RANT-­immunoreactive   inclusions  are  specific  to  c9FTD/ALS

Ash  et  al.,  Neuron 2013



Chew  et  al.,  Science 2015

C9ORF72  repeat  expansions   in  mice  cause  neuronal   loss  
and  behavioral  deficits

-­ AAV2/9-­(G4C2)2  &  AAV2/9-­(G4C2)66,  lacking  an  ATG  start  codon

-­ Intranuclear  RNA  foci  detected  in  the  CNS  of  (G4C2)66  mice

-­ c9RNA  protein  pathology  detected  in  the  CNS  of  (G4C2)66  mice
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-­ AAV2/9-­(G4C2)2  &  AAV2/9-­(G4C2)66,  lacking  an  ATG  start  codon

-­ Intranuclear  RNA  foci  detected  in  the  CNS  of  (G4C2)66  mice

-­ c9RNA  protein  pathology  detected  in  the  CNS  of  (G4C2)66  mice

-­ Cortical  neurn  loss  &  behavioral  and  motor  deficits
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Pure  GGGGCC  repeats  causes  toxicity  via  dipeptide  
repeat  proteins

Freibaum  et  al.,  Nature 2015
Zhang  et  al.,  Nature 2015



“Four” pathogenic  mechanisms  for  nucleotide  repeat  
expansion  disorders

Modified  from  Nelson  et  al.,  Neuron 2013

1. Protein  gain-­of-­function
2. Loss  of  gene  function
3. RNA  gain-­of-­function
4. RAN  protein  gain-­of-­function

n Protein-­coding  repeat  
expansion  disorder

RAN  translation

4

1
2

3

n Non-­coding  repeat  
expansion  disorder
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RAN Translation in Huntington Disease

Highlights
d RAN translation occurs across canonical ORF

d Sense and antisense RAN proteins accumulate in Huntington

brains

d HD-RAN proteins are toxic to cells

d HD-RANprotein accumulation and aggregation is CAG length

dependent
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In Brief
Bañez-Coronel et al. show the CAG*CTG

expansion mutation that causes

Huntington disease (HD) produces novel

expansion proteins (polyAla, polySer,

polyLeu, and polyCys). These repeat-

associated non-ATG (RAN) proteins are

expressed in a length-dependent manner

and accumulate in brain regions most

affected in HD.
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In  HD  cells,  expanded  CAG  repeat  RNA  forms  RNA  foci  
and  partially  sequesters  MBNL1

Krzyzosiak  et  al.,  Nucleic  Acids  Res. 2011

Nuclear  RNA  foci



“Four” pathogenic  mechanisms  for  nucleotide  repeat  
expansion  disorders

1. Protein  gain-­of-­function
2. Loss  of  gene  function
3. RNA  gain-­of-­function  ???
4. RAN  protein  gain-­of-­function  ???

n Protein-­coding  repeat  
expansion  disorder

RAN  translation

4

1
2

3

n Non-­coding  repeat  
expansion  disorder

HD

Modified  from  Nelson  et  al.,  Neuron 2013



n Alzheimer’s  disease

n Nucleotide  expansion   (neurodegenerative)   disorders  and  
their  key  pathogenic  mechanisms

n Relatively  new  disease  pathogenesis
-­ spreading  of  mutant  disease-­causing  aggregates

Lecture  Overview
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A key feature of many neurodegenerative diseases is the accumu-
lation and subsequent aggregation of misfolded proteins. Recent
studies have highlighted the transcellular propagation of protein
aggregates in several major neurodegenerative diseases, although
the precise mechanisms underlying this spreading and how it relates
to disease pathology remain unclear. Here we use a polyglutamine-
expanded form of human huntingtin (Htt) with a fluorescent tag to
monitor the spreading of aggregates in the Drosophila brain in a
model of Huntington’s disease. Upon expression of this construct in
a defined subset of neurons, we demonstrate that protein aggre-
gates accumulate at synaptic terminals and progressively spread
throughout the brain. These aggregates are internalized and accu-
mulate within other neurons. We show that Htt aggregates cause
non–cell-autonomous pathology, including loss of vulnerable neu-
rons that can be prevented by inhibiting endocytosis in these neu-
rons. Finally we show that the release of aggregates requires
N-ethylmalemide–sensitive fusion protein 1, demonstrating that ac-
tive release and uptake of Htt aggregates are important elements of
spreading and disease progression.

Huntington’s disease | neurodegeneration | transmission | disease model |
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Accumulation of protein aggregates is a key feature of many
neurodegenerative diseases. Lesions in each of these dis-

eases are initially limited to defined regions of selectively vul-
nerable neurons, but staging of pathology in Alzheimer’s disease
(1), Parkinson’s disease (2, 3), amyotropic lateral sclerosis (4, 5),
and Huntington’s disease (HD) (6) reveal broader deposition of
pathological aggregates at more advanced stages of disease pro-
gression. The observation that the pathology appeared to progress
into regions that were synaptically connected led to the idea that
pathology was spreading through neuronal circuits (7, 8). Con-
verging lines of evidence demonstrated that aggregates of disease-
associated misfolded proteins, including α-synuclein, tau, and su-
peroxide dismutase 1, are in fact transmissible from cell to cell and
that this transmission propagates throughout the brain (9, 10).
More recently, mutant huntingtin (Htt) aggregates were also shown
to spread between neurons in vivo (11).
Although the cell-to-cell spreading of pathogenic proteins has

been demonstrated in several neurodegenerative diseases, the
mechanism by which this spreading occurs, and how it contributes to
pathology and later stages of disease progression, remain unclear.
To gain a better understanding of how this protein spreading con-
tributes to disease pathology, we sought to study this phenomenon
in Drosophila. Drosophila has been used to create useful models of
many neurodegenerative diseases, including Parkinson’s disease
(12) and the polyglutamine (polyQ) expansion diseases spinocer-
ebellar ataxia type 1 (13) and type 3 (14) as well as Huntington’s
disease (15–18). These models have proven to reproduce many of
the key structural and functional deficits associated with disease
pathology and provide insight into the underlying mechanisms. For
example, a recent study demonstrated a “prion-like” spread of
huntingtin aggregates into phagocytic glia, cells which carry out a
protective clearance function but also potentially contribute to
spreading itself (19). One advantage to studying protein aggregate
spreading in Drosophila is the ability to independently label and

manipulate separate populations of neurons simultaneously by using
the yeast Gal4/Upstream Activating Sequence (UAS) (20) and bac-
terial LexA/LexA operator (LexAop) (21) binary expression sys-
tems. Additionally, the ability to rapidly identify and characterize
genetic and chemical modifiers of this spreading phenomenon
should help unravel mechanisms responsible for spreading.
In this study, we demonstrate that mutant huntingtin aggregates

accumulate at synaptic terminals in the antennal lobe of the Dro-
sophila central brain when expressed in olfactory receptor neurons
(ORNs). Over time, these aggregates begin to spread to various
regions of the brain, where they are internalized by other populations
of neurons, resulting in some instances in loss of these neurons. This
neuronal loss is prevented by blocking endocytosis, suggesting that
spreading requires active internalization of the pathogenic protein.
We observe unique spreading patterns when huntingtin is expressed
in different populations of neurons, supporting the idea that nearby
cells and neuronal circuits are likely targets of spreading. However,
rapid accumulation of aggregates far from the original source also
suggests that transmission is not limited to these circuits. The release
of aggregates depends on N-ethylmaleimide–sensitive fusion protein
1 (NSF1), suggesting that soluble NSF attachment protein receptor
(SNARE)-mediated fusion events are required for aggregate
spreading. The extensive and efficient spread of huntingtin aggre-
gates in theDrosophila brain that we report here provides a powerful
experimental system for detailed genetic, molecular, and cellular
analyses to dissect the underlying mechanisms and consequences.

Results
Transmission of Mutant Htt Throughout the Brain. To visualize Htt
aggregates in the brain, we expressed a 588-aa N-terminal fragment
of the human Htt gene containing exons 1–12 with an expanded
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Htt  aggregates  spread  throughout   the  Drosophila brain

polyQ tract of 138 repeats fused to monomeric red fluorescent
protein (mRFP) (UAS-mRFP.Htt.138Q) that was previously used
to examine Htt aggregation kinetics in Drosophila (22). This frag-
ment is a cleavage product formed by caspase-6 in HD (23) and is
thus a biologically relevant fragment for use in a disease model. We
expressed this construct with the Or83b-Gal4 driver to target ex-
pression in ORNs that project axons into the antennal lobe of the
central brain (Fig. 1A). To prevent Htt aggregates from forming
before adult flies emerged, we also used a temperature-sensitive
Gal80 (tubulin-Gal80ts1) (24) to repress Gal4 in flies raised at
18 °C. At the adult stage, the flies were shifted to 29 °C to repress
Gal80 and allow Gal4 activation. We found that Htt aggregates
initially accumulated at ORN terminals within the antennal
lobe (Fig. 1B). However, as flies aged these aggregates spread
throughout the brain within 25 d (Fig. 1 C andD). To verify that Htt
aggregates were spreading beyond the neurons in which mutant Htt
was expressed, we simultaneously labeled ORN synaptic terminals
with synaptotagmin-GFP (UAS-syt.eGFP). Although the GFP signal
remained within the antennal lobe in 30-d-old flies, Htt.RFP ag-
gregates were apparent throughout various brain regions (Fig. 1 E–
G). Brain areas accumulating Htt aggregates include the optic lobe
(Fig. 1H, arrows) as well as a pair of large neurons on the posterior
side of the brain (Fig. 1H, arrowheads). To test whether this
spreading phenomenon is unique to the expanded polyQ form of
Htt, we used a construct with a much shorter nonpathogenic polyQ
tract, (UAS-mRFP.Htt.15Q) (22), which does not form aggregates,
as a control. In these flies, the Htt.RFP remained within the an-
tennal lobe (Fig. 1 I–K), demonstrating that spreading of Htt ag-
gregates is specific to the expanded polyQ form.

Internalization of Htt Aggregates by Large Posterior Neurons. One
prominent area of accumulation of Htt aggregates following
expression in ORNs is a pair of large posterior neurons (LPNs)
with cell bodies located in the posterior protocerebrum (Fig. 2A
and Movie S1). These neurons appear identical to the large cells
labeled by the monoclonal antibody nb169 from the Würzburg
hybridoma library (25, 26) (Fig. 2B). To confirm the nonauto-
nomous accumulation of Htt.RFP aggregates in these neurons, we
expressed Htt.RFP and mCD8-GFP in ORNs and stained with
nb169. Once again, we used tubulin-Gal80ts1 to repress Gal4 in flies
raised at 18 °C to prevent Htt aggregates from forming before adult
flies emerged. Adult flies were shifted to 29 °C to repress Gal80

and allow Gal4 activation. Although initially there was no RFP
staining in these cells (Fig. 2 C–E), aggregates are seen within
these cells by day 10 (Fig. 2 F–I) and continue to increase in
number as the flies age (Fig. 2 J–L). The lack of GFP in the large
posterior cells at both time points demonstrates that Or83b-Gal4
is not inappropriately driving expression of Htt.RFP in these
neurons (Fig. 2 E and H). These results confirm that the Htt
aggregates are spreading from ORNs and internalized by the
large posterior neurons.

Spreading of Htt Aggregates Causes Non–Cell-Autonomous Damage.
Aggregates clearly spread beyond the original expression pattern
and accumulate in other neurons. However, it remained unclear
whether this spreading resulted in non–cell-autonomous damage,
which has been demonstrated in neurodegenerative diseases.
Recently, non–cell-autonomous neurodegeneration was demon-
strated in a Drosophila model of Parkinson’s disease, where ex-
pression of leucine-rich repeat kinase 2 (LRRK2-G2019S) in
dopaminergic neurons caused cell death in photoreceptors (27).
Additionally, human neurons integrated in Huntington’s disease
mouse model brain slices developed abnormal morphology, in-
cluding shorter and fewer primary and secondary neurites when
bearing mutant huntingtin aggregates (11).
To examine occurrence of non–cell-autonomous pathology in

our spreading model and to determine if blocking the uptake of
aggregates would serve a neuroprotective function, we first
searched through the Janelia Gal4 collection (28) to find GFP
expression patterns that labeled the pair of large posterior cells
so that they could be genetically manipulated independently of
Gal4. We found one line (R44H11) that labeled a pair of large
posterior neurons and also had an existing LexA line available.
R44H11-LexA driving LexAop-GFP clearly labeled a pair of large
neurons in the posterior protocerebrum (Fig. 3A). However,
when we costained with GFP and nb169, we found that neurons
labeled with R44H11-LexA > LexAop::GFP and those positive
for nb169 were separate pairs of neurons (Fig. 3 B–D). When we
drove expression of of Htt.RFP in ORNs using tubulin-Gal80ts1

to prevent Htt.RFP expression before eclosion and costained
with nb169 and GFP, we observed a surprising result: Although
we again saw aggregates of Htt.RFP in nb169-positive neurons,
the large GFP-expressing cells were no longer detectable (Fig. 3
E–L). These neurons were not lost when using the nonpathogenic

Fig. 1. Htt aggregates spread throughout the Drosophila brain. (A) Expression pattern of or83b-Gal4 in the Drosophila brain labeling the antennal lobe.
Neuropil is labeled by anti-Brp (blue) (B–D). Aggregates of Htt.RFP.138Q expressed in ORNs become more widely distributed throughout the brain as a
function of age. (E–G) PolyQ-expanded Htt aggregates (red) spread far beyond ORN terminals marked by syt.eGFP (green). (H) Expanded view of G to il-
lustrate Htt aggregates within large posterior neurons (arrowheads) and in the optic lobe (arrows). (I–K) Nonpathogenic Htt.RFP is confined to synaptic
terminals in the antennal lobe. (Scale bar in D, 50 μm, also applies to A–C; scale bar in H, 50 μm; and scale bar in K, 50 μm, also applies to E–G, I, and J.)

E5428 | www.pnas.org/cgi/doi/10.1073/pnas.1516217112 Babcock and Ganetzky

Babcock  and  Ganetzky,  PNAS 2015



Potential  cellular  pathways  involved   in  spreading  of  
pathogenic  proteins

n Synaptic  connections
-­ Transcellular spreading  of  huntingtin aggregates  in  the  Drosophila eye  (Babcock  
and  Ganetzky,  PNAS 2015)  

-­ Transneuronal propagation  of  mutant  huntingtin contributes  to  non-­cell  
autonomous  pathology  in  neurons  (Pecho-­Vrieseling et  al.,  Nat.  Neurosci.  2014)



Potential  cellular  pathways  involved   in  spreading  of  
pathogenic  proteins

n Synaptic  connections
-­ Transcellular spreading  of  huntingtin aggregates  in  the  Drosophila eye  (Babcock  
and  Ganetzky,  PNAS 2015)  

-­ Transneuronal propagation  of  mutant  huntingtin contributes  to  non-­cell  
autonomous  pathology  in  neurons  (Pecho-­Vrieseling et  al.,  Nat.  Neurosci.  2014)

n Exosomes (a.k.a.  extracellular  microvesicles)
-­ Inclusion  formation  and  neuronal  cell  death  through  neuron-­to-­neuron  
transmission  of  alpha-­synuclein (Desplats et  al.,  PNAS 2009)

-­ LRRK2  secretion  in  exosomes is  requlated by  14-­3-­3  (Fraser  et  al.,  Hum.  Mol.  
Genet. 2013)



Potential  cellular  pathways  involved   in  spreading  of  
pathogenic  proteins

n Synaptic  connections
-­ Transcellular spreading  of  huntingtin aggregates  in  the  Drosophila eye  (Babcock  and  Ganetzky,  PNAS 2015)  
-­ Transneuronal propagation  of  mutant  huntingtin contributes  to  non-­cell  autonomous  pathology  in  neurons  (Pecho-­

Vrieseling et  al.,  Nat.  Neurosci.  2014)

n Exosomes (a.k.a.  extracellular  microvesicles)
-­ Inclusion  formation  and  neuronal  cell  death  through  neuron-­to-­neuron  transmission  of  alpha-­synuclein (Desplats et  al.,  

PNAS 2009)
-­ LRRK2  secretion  in  exosomes is  requlated by  14-­3-­3  (Fraser  et  al.,  Hum.  Mol.  Genet. 2013)



Potential  cellular  pathways  involved   in  spreading  of  
pathogenic  proteins

n Synaptic  connections
-­ Transcellular spreading  of  huntingtin aggregates  in  the  Drosophila eye  (Babcock  
and  Ganetzky,  PNAS 2015)  

-­ Transneuronal propagation  of  mutant  huntingtin contributes  to  non-­cell  
autonomous  pathology  in  neurons  (Pecho-­Vrieseling et  al.,  Nat.  Neurosci.  2014)

n Exosomes (a.k.a.  extracellular  microvesicles)
-­ Inclusion  formation  and  neuronal  cell  death  through  neuron-­to-­neuron  
transmission  of  alpha-­synuclein (Desplats et  al.,  PNAS 2009)

-­ LRRK2  secretion  in  exosomes is  requlated by  14-­3-­3  (Fraser  et  al.,  Hum.  Mol.  
Genet. 2013)

n Nanotubes
-­ Transfer  of  polyglutamine aggregates  in  neuronal  cells  occurs  in  tunneling  
nanotubes  (Costanzo  et  al.,  J.  Cell  Sci.  2013)



Transfer  of  GFP-­Htt480-­68Q  aggregates  occurs  through  
tunneling  nanotubes   in  co-­cultured  CAD  cells

Costanzo  et  al.,  J.  Cell  Sci.  2013
CAD  cell  line:  Mouse  (B6/D2  F1  hybrid)  catecholaminergic  neuronal  tumor  



GFP-­Htt480-­68Q  aggregates  transfer  between  primary  
cerebellar  granular  neuron  co-­cultures

Costanzo  et  al.,  J.  Cell  Sci.  2013
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SUMMARY

The primary cause of Huntington’s disease (HD) is
expression of huntingtin with a polyglutamine expan-
sion. Despite an absence of consensus on the mech-
anism(s) of toxicity, diminishing the synthesis of
mutant huntingtin will abate toxicity if delivered to
the key affected cells. With antisense oligonucleo-
tides (ASOs) that catalyze RNase H-mediated degra-
dation of huntingtin mRNA, we demonstrate that
transient infusion into the cerebrospinal fluid of
symptomatic HD mouse models not only delays
disease progression but mediates a sustained
reversal of disease phenotype that persists longer
than the huntingtin knockdown. Reduction of wild-
type huntingtin, along with mutant huntingtin,
produces the same sustained disease reversal.
Similar ASO infusion into nonhuman primates is
shown to effectively lower huntingtin in many brain
regions targeted by HD pathology. Rather than
requiring continuous treatment, our findings estab-
lish a therapeutic strategy for sustained HD disease
reversal produced by transient ASO-mediated dimi-
nution of huntingtin synthesis.

INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant neurode-
generative disease caused by a CAG expansion in exon 1 of
the huntingtin gene (Huntington’s Disease Collaborative
Research Group, 1993). This mutation translates into an elon-
gated glutamine tract in the N terminus of the huntingtin protein.
Patients with HD display progressive movement dysfunction,
including hyperkinetic involuntary movements, chorea, and dys-
tonia, as well as cognitive impairments. Presently, there is no
effective treatment for HD. The majority of potential therapies
now under development are aimed at ameliorating symptoms
of one of several proposed molecular consequences of mutant

huntingtin, i.e., at downstream targets in one of the many poten-
tial pathways possibly involved in HD pathogenesis (Melone
et al., 2005).
Irrespective of the many mechanistically divergent proposals

for the underlying toxicity of expanded huntingtin, a therapy
aimed at diminishing the synthesis of the toxic mutant protein
is an approach that will directly target the primary disease mech-
anism(s), as long as it is effective in the key HD-affected cells and
any coincident suppression of wild-type huntingtin is tolerated.
Gene silencing strategies that suppress the synthesis of hunting-
tin that could be deployed as potential therapeutics include
virally encoded short-hairpin RNAs (shRNAs) or microRNAs
(miRNAs) (Franich et al., 2008; Harper et al., 2005; Machida
et al., 2006; McBride et al., 2008; Rodriguez-Lebron et al.,
2005), as well as direct infusion of synthetic siRNAs (DiFiglia
et al., 2007; Wang et al., 2005). In their current forms, each of
these agents needs to be delivered by direct intraparenchymal
injections, and therapeutic correction is limited to only a small
portion of the striatum immediately adjacent to the sites of injec-
tion (Boudreau et al., 2009; DiFiglia et al., 2007; Drouet et al.,
2009; Harper et al., 2005; McBride et al., 2008).
While the striatum is particularly vulnerable to mutant hunting-

tin-mediated toxicity, huntingtin is ubiquitously expressed
(Hoogeveen et al., 1993), and selective expression of mutant
huntingtin in striatal neurons is not sufficient to cause locomotor
deficits or neuropathology in rodents (Gu et al., 2007). To date,
the collective evidence strongly supports a disease mechanism
in which mutant huntingtin expression in multiple cell types
within at least the striatum and cortex is likely required for
disease development and progression. Indeed, cortical thinning
is observed in human patients prior to the onset of symptoms
(Rosas et al., 2002; Rosas et al., 2006), and by endstage, typi-
cally more than 30% of an HD patient’s brain mass is lost
(de la Monte et al., 1988). Finally, the human striatum accounts
for only !1% of the total brain volume, indicating the disease
is affecting other areas of the brain. All of this evidence suggests
that a fully effective treatment of HD will likely require targeting
multiple brain regions.
An alternative approach to preceding efforts for achieving

reduction in huntingtin synthesis is infusion of single stranded
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